INTRODUCTION
Residual stresses play a significant role in many material failure processes like fatigue, fracture, and stress corrosion cracking [1, 2] . Residual stresses are the stresses present in a part free from external load, and they are generated by virtually any manufacturing process. The subject of this study is indented-disk test specimens that were designed to provide a controlled distribution of residual stress [3] in order to develop and test methods for measuring residual stresses.
Accurate finite element modeling of the disk specimens has proven somewhat challenging. In previous work, accurate residual stress modeling for disks of 316L stainless steel was achieved only after cyclic testing and subsequent calibration of a combined hardening model to capture the Bauschinger effect [3] . In this paper, we explore accurate modeling for indented disks made of 2024-T351 Aluminum, which have proven even more challenging to model accurately.
EXPERIMENTAL
Disks were plastically compressed through the thickness by two cylindrical indenters of smaller diameter, see Figure 1 . The disks of 2024-T351 aluminum were 60 mm in diameter and 10 mm thick. The indenter material used was A2 tool steel characterized by a high hardness (58 HRC) and a high yield stress (about 1300 MPa). The indentation was performed quasi-statically to a maximum load 99.6 kN and then unloaded. The residual stresses in the specimens were measured using neutron diffraction [4, 5] , the contour method [6] [7] [8] , and the slitting method [9, 10] , with the measurement details on the 2024 specimen discussed in this paper reported elsewhere [3, 11] . Figure 1 Indented disk residual stress specimens were made using 2024-T351 Aluminum
MODELING
The disk indentation process was modeled using ABAQUS version 6.11. For initial runs with isotropic plasticity models, a half-symmetry axi-symmetric model of the specimen, see Figure 2 , was built using 15,000 four-node quadrilateral elements with reduced integration (CAX4R). Square elements 0.1 mm on a side gave a 50 x 300 mesh in the disk. The contact behavior between the indenter (master surface) and the disk (slave surface) was assumed frictionless because lubricant was used during the experimental test, and a surface-to-surface contact algorithm was used. A pressure load was applied to the top surface of the indenter to match the experimentally applied load. Figure 3 shows the 1/8 th symmetry, 3D mesh used for later simulations with anisotropic material models. 20 node brick elements with reduced integration (C3D20R) were used with elements approximately 0.5 mm on a side.
The indenter was modeled as elastic with Young's modulus of 204 GPa and Poisson's ratio of 0.3. For the Al 2024, the Young's modulus was 73.2 GPa and Poisson's ratio was 0.33. The plasticity model for the Al 2024 was varied during the study and is described below. 
Reverse Yielding
In ABAQUS, a combined hardening model cannot be used simultaneously with anisotropic plasticity, and clearly anisotropic plasticity is necessary to accurate model the stresses. A short study was performed to estimate the magnitude and importance of reverse yielding during unloading of the indenters on the disk. The constitutive data was fit using a kinematic hardening model. The model fit is shown in Figure 7 . Such a model only allows for linear strain hardening, but does a reasonable job of fitting the loading portion of the data and conservatively estimates the reverse yielding.
A simulation of the indentation process with the kinematic hardening model showed no reverse plasticity during the unloading. Therefore, it should not be necessary to accurately model the cyclic behavior of the 2024 Al so long as premature reverse yielding is not predicted. 
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The anisotropic model was used on the indentation simulation. The resulting residual strain and residual stress predictions are compared with data in Figure 10 and Figure 11 . The model now shows the observed anisotropy in the results, but the overall magnitude is still incorrect. 
Pressure dependent plasticity
In addition to the residual stresses, the simulations were also compared with load-displacement data taken during the indentation process [13] . The displacement portion of the load-displacement data has large uncertainty because of the need to correct for machine compliance and the presence of lubricant during the indentation, but is informative nonetheless. It was hoped that the data was accurate enough to see if the model had larger inaccuracies during the loading or unloading portions of the simulation. Comparing the model prediction to the load-displacement data indicates that the modeled yield strength during loading needs to be about 10% stronger 
CONCLUSION
The models do not predict the residual stresses in the indented disks as well as hoped. Further studies have shown that the predictions are insensitive to the friction coefficient between the indenter and disk and to other parameters. The most likely explanation remain that the constitutive model is inaccurate in some regard. The next step would be to obtain some in situ data during the indentation process. It is hoped that such data would be able to identify if the inaccuracy occurs during the loading or unloading of the indenter, which would narrow down what aspect of the model to improve. The original in situ data was load-displacement data on the indenter, but it lacks the necessary sensitivity. The addition of strain gauges to take load-strain data might prove informative. 
